This paper presents the first optical variability study of the Westerlund 1 super star cluster in search of massive eclipsing binary systems. A total of 129 new variable stars have been identified, including the discovery of 4 eclipsing binaries that are cluster members, 1 additional candidate, 8 field binaries, 19 field δ Scuti stars, 3 field W UMa eclipsing binaries, 13 other periodic variables and 81 long period or non-periodic variables. These include the known luminous blue variable, the B[e] star, 11 Wolf-Rayet stars, several supergiants, and other reddened stars that are likely members of Westerlund 1. The bright X-ray source corresponding to the Wolf-Rayet star WR77o (B) is found to be a 3.51 day eclipsing binary. The discovery of a reddened detached eclipsing binary system implies the first identification of main-sequence stars in Westerlund 1. 
Introduction
Westerlund 1 is a unique laboratory for studying the elusive evolution of massive stars. It has recently emerged as the nearest known super star cluster, i.e., a globular cluster precursor, typically found in starburst galaxies. Its discovery dates back to Westerlund (1961) , however, the high amount of reddening (A V ∼ 12 mag) hindered spectroscopic observations for many years (see Westerlund 1987) . Spectroscopy by Clark & Negueruela (2002) and Clark et al. (2005) revealed a massive stellar population of post-main sequence objects and determined it to be the most massive compact young cluster known in the Local Group. Mengel & Tacconi-Garman (2007) measured a dynamical mass of log M = 4.8, in agreement with the mass inferred by Clark et al. (2005) . Westerlund 1 therefore weighs more X-ray binaries, core-collapse supernovae, the connection between supernovae and GRBs, and Population III stars, by studying any observed trends with metallicity.
A systematic search for the most massive stars (> 50M ⊙ ) in eclipsing binaries is currently underway. Analogs of WR 20a, if not more massive binaries, are bound to exist in the young massive clusters at the center of the Galaxy (Center, Arches, Quintuplet; e.g. Peeples et al. 2007) , in nearby super star clusters (e.g. Westerlund 1, NGC 3603 and R136), in Local Group galaxies (e.g. LMC, SMC, M31, M33) and beyond (e.g. M81, M83, NGC 2403). The large binary fraction (> 0.6) measured by Kobulnicky et al. (2006) among early-type stars in the Cygnus OB2 association implies that a significant number of massive short-period eclipsing binaries should exist in massive clusters. The first step in measuring accurate masses of the most massive stars involves discovering eclipsing binaries in massive clusters and nearby galaxies. The brightest of these are expected to contain very massive stars, and follow-up spectroscopy provides fundamental parameters for the component stars. This paper presents the first variability study of the massive Westerlund 1 cluster, in search of massive stars in eclipsing binaries. It is organized as follows: §2 describes the observations, §3 the data reduction, calibration and astrometry, §4 the variable star catalog, §5 the color magnitude diagram and §6 the summary.
Observations
Photometry of Westerlund 1 was obtained with the Direct CCD on the 1 m Swope telescope at Las Campanas Observatory, Chile. The camera uses a 2048 × 3150 SITe CCD with a pixel size of 15µm pixel −1 and a pixel scale of 0. ′′ 435 pixel −1 . A 1200 × 1200 section of the CCD corresponding to 8.7
′ on the side was read out, centered at α = 16:47:03.8, δ = −45:50:41, J2000.0. The observations were made on 17 nights between UT 2006 June 15 and July 25, typically in IRV B sequences. The total number of exposures were 252×5 s and 216×30 s in the I filter, 217×30 s in R, 200×600 s in V , and 167×1200 s in B. Two exposure times were taken in I to increase the sensitivity to both bright and faint cluster members. The median value of the seeing was 1.2 ′′ in I, 1.3 ′′ in R, and 1.4 ′′ in both V and B. Westerlund 1 was observed at airmasses ranging from 1.04 to 2.69 in I, with the median being 1.16.
Data Reduction, Calibration and Astrometry
The images were processed with standard IRAF 1 routines. Specifically, the images were overscan corrected and trimmed, corrected for the non-linearity of the CCD with irred.irlincor in IRAF following Hamuy et al. (2006) , and then flat fielded. The value of 23,000 ADU, above which the non-linearity has not been measured, was adopted to be the saturation limit in the following reductions.
Image Subtraction
The photometry of the variable stars was extracted using the ISIS image subtraction package (Alard & Lupton 1998; Alard 2000) , which works well in crowded fields (see Bonanos & Stanek 2003) . In each filter, all the frames were transformed to a common coordinate grid and a reference image was created by stacking several frames with the best seeing. For each frame, the reference image was convolved with a kernel to match its PSF and then subtracted. On the subtracted images, the constant stars cancel out, and only the signal from variable stars remains. A median image of all the subtracted images was constructed, and the variable stars were identified as bright peaks on it by visual inspection. Finally, profile photometry was extracted from the subtracted images.
DAOPHOT/ALLSTAR PSF photometry (Stetson 1987) was performed on the single template images separately and the flux scaling was corrected when transforming to magnitudes, as described in Hartman et al. (2004) . A more detailed description of the calibration is presented in §3.2.
Photometric Calibration
On two photometric nights, Landolt (1992) standard fields were observed to calibrate the BV RI light curves to standard Johnson-Kron-Cousins photometric bands. Specifically, the SA107, SA 109, PG1323, PG1525 fields were observed on UT 2006 June 19 (N04), covering a range in airmass from 1.07 to 1.86, and the MarkA, PG0231, PG1633 fields on UT 2006 July 19 (N12), covering a range in airmass from 1.07 to 2.10.
The transformation from the instrumental to the standard system was derived using the IRAF photcal package according to the equations:
where lowercase letters correspond to the instrumental magnitudes, uppercase letters to standard magnitudes, X is the airmass, χ is the zeropoint, ξ the color and κ the airmass coefficient. Additional bright red stars in the observed fields from the catalog of Stetson (2000) increased the color range for N04 to −0.22 < B − V < 1.90 mag using 95 stars and in N12 to −0.33 < B − V < 1.53 mag using 58 stars. Table 1 presents both photometric solutions. The solution of N04 has a larger number of stars, a greater color range and is in agreement with the values of the B, V color and extinction coefficients measured by Hamuy et al. (2006) ; it was therefore adopted. The transformation was repeated iteratively to determine the colors of the stars. The lack of observed standard stars with B − V > 2 mag limits the accuracy of the photometry for the reddest stars. A comparison with the photometry of P. Stetson (priv. comm.) presented by Clark et al. (2005) shows mean differences (Bonanos−Stetson) for the 100 brightest stars in common of −0.03 ± 0.04 mag in B, −0.01 ± 0.06 mag in V , 0.08 ± 0.08 mag in R and 0.24 ± 0.10 mag in I. The large offsets in R and especially in I are due to the lack of very red standards. The photometry was therefore scaled by these offsets in these two bands.
The completeness of the photometry starts to drop rapidly at about 18.5 mag in I, 20 mag in R, 21.5 mag in V and 22.5 mag in B. The CCD saturates for stars brighter than 10.75 mag in I for the short exposures and 12.3 mag in the long ones, 12.7 mag in R, 15.0 mag in V and 16.4 mag in B. The light curves of variables brighter than 12.3 mag in I were measured from the short exposure images.
The conversion of the variable star light curves to magnitudes involves two steps. First, it requires a conversion to instrumental magnitudes that takes into account the aperture correction measured on the template frame, to achieve correct scaling of fluxes and, consequently, correct amplitudes for the variables. This requires matching the variables with stars having DAOPHOT PSF photometry. In the few cases without matches, the light curves are presented in flux units. The conversion to the standard system involves an iterative color determination, which in turn requires detection of the variables in multiple filters. This was not the case for a large fraction of the stars; therefore, the following cluster colors B−V = 3.8 mag, V − I = 5.0 mag, V − R = 2.8 mag were adopted for the conversion, which are average colors for the Westerlund 1 stars of interest. Hence, the photometry of the variable field stars is systematically offset by as much as 0.2 mag. Using these colors, the zeropoints were computed and added to the lightcurves. The I and R light curves were subsequently scaled to Stetson's photometry.
Astrometry
Equatorial coordinates were determined for the I star list. The transformation from rectangular to equatorial coordinates was derived using 940 transformation stars with V < 20 from the USNO-B1.0 (Monet et al. 2003) catalog. The median difference between the catalog and the computed coordinates for over 700 transformation stars was 0.
′′ 2.
Variable Star Catalog
The BV RI light curves were searched separately for variability using the multiharmonic analysis of variance method (Schwarzenberg-Czerny 1996) and then merged. A total of 129 variables were found in the 8.7
′ × 8.7 ′ region centered on Westerlund 1, many of these being members of the Westerlund 1 cluster. The variables were classified by visual inspection into the following five categories: (detached) eclipsing binaries or (D)EBs for binaries with periods P > 1 day, W Ursa Majoris (W UMa) contact binaries for P < 1 day and amplitudes > 0.2 mag, δ Scuti for short period (P < 0.2 day) variables with amplitudes ∼ 0.1 mag, periodic variables (P > 0.2 day), and "Other" that includes the long period or non-periodic variables. Table 2 presents the variable star catalog. It lists the name of the star given by Westerlund (1987) , if available, or the revised identification given by Clark et al. (2005) , the RA and Dec coordinates for J2000.0, the B, V , R, I intensity-averaged magnitudes, the spectral classification when available from Clark et al. (2005) and for the WR variables from Crowther et al. (2006) , the light curve classification, and period when applicable. Variables with X-ray detections by Skinner et al. (2006) have an "X" following their WR classification. Note, that the catalog includes photometry for some stars that are missing from Clark et al. (2005) due to the gap between their two CCDs and their smaller field of view. Table 3 presents the light curves of the variables. The name of each star is based on its J2000.0 equatorial coordinates, in the format: hhmmss.ss+ddmmss.s. In five cases, the light curve is available only in differential flux units.
The classification results yield 13 eclipsing binaries, 4 of which, and possibly 5, belong to Westerlund 1, 3 field W UMa binaries, 19 field δ Scuti variables, 13 other variables exhibiting periodic variability, and 81 variables that are either long period variables or non-periodic variables. Because of the degeneracy in distinguishing between W UMa and δ Scuti stars from photometry alone, a question mark is given with these classifications. SX Phe stars are also short period pulsating stars in the classical instability strip, but belong to Population II and are unlikely to be found in the galactic disk. Figure 1 presents the I−band reference image (0.
′′ 9 seeing) with the positions of the cluster eclipsing binaries and variable Wolf-Rayet stars. The eclipsing binaries belonging to Westerlund 1 were selected from the phased light curves as reddened eclipsing binaries with periods greater than a day. The location of the reddened DEB and WR77aa (T) demonstrate the extent of the cluster.
Eclipsing Binaries in Westerlund 1
Figure 2 presents phased light curves of the 5 newly discovered eclipsing binaries in Westerlund 1, in order of decreasing brightness in I. The 9.2 day binary (W13, or star 13 in the catalog of Westerlund 1987 ) is more than a magnitude brighter than the other eclipsing systems in I (see Table 2 ) and thus an excellent massive star candidate. Clark et al. (2005) assigned a spectroscopic identification of "OB binary/blend" for W13, which is in agreement with the contact eclipsing binary light curve shape. The second brightest system (W36), with the 3.18 day period, has a light curve resembling a near-contact configuration that is very accurate, thus lends itself to accurate parameter determination. There is no published spectroscopy for W36, but its red color and location, together with W13, in the core of the cluster give strong evidence for cluster membership.
The third system, WR77o (B), is a suspected binary from X-ray observations. Skinner et al. (2006) detected strong, hard X-ray emission with Chandra observations as well as lowamplitude variability in its X-ray light curve and concluded it is a likely binary. These data confirm their suspicion, as well as show it to be an eclipsing binary with a 3.51 day period. The eclipses give it additional value, as they allow future measurement of the radii and masses of the component stars of this WN7 system. The uneven out-of-eclipse light curve implies non-uniform surface brightesses of the component stars, whereas the uneven eclipse depths imply different temperatures.
The fourth system, a 4.43 day detached eclipsing binary in an eccentric orbit, is the first main sequence object to be identified in Westerlund 1, as the detached configuration requires unevolved stars. It is located far from the cluster core, ∼ 4 ′ south of the cluster, yet its colors are as reddened (V − I = 5.5 mag) as the cluster stars, indicating membership in the cluster. Similarly, WR77aa (T), at an even greater projected distance from the cluster center, is a member of Westerlund 1 (see Figure 1) . Measuring the masses of the above binary component stars will additionally determine the extent of mass segregation for the most massive stars in this super star cluster. Finally, the fifth eclipsing binary system found in Westerlund 1 has an extremely reddened color of R − I = 3.7 mag, is very faint (R = 19.9 mag), and shows small-amplitude variability with a period of 2.26 days. Cluster membership of this star needs to be confirmed. It is located near the cluster core, however the R−band light curve is too noisy to check whether the variation in amplitude is the same as in I−band, which is the case for eclipsing systems. It could alternatively be an extremely reddened pulsating or eclipsing field star.
It would be premature to draw any conclusions about the binarity fraction from this data alone, since the monitoring baseline was only sensitive to short period eclipsing binaries. Spectroscopic monitoring will reveal additional non-eclipsing systems and, along with Xray and radio observations, will yield a more complete estimate of the binary fraction in Westerlund 1, already estimated by Crowther et al. (2006) to be > 60% for the Wolf-Rayet stars.
Wolf-Rayet Variables in Westerlund 1
Half of the 24 known Wolf-Rayet variables show significant optical variability, ranging from 0.05-0.4 mag. Most notably, WR77o (B), a WN7o type, is a 3.51 day period eclipsing binary with an eclipse depth of 0.2 mag, discussed in § 4.1. The other 11 Wolf-Rayet variable stars are:
Figures 3 and 4 present light curves of the 12 variable WR stars. Skinner et al. (2006) have detected X-ray emission in 9 of these 12 variable Wolf-Rayet stars, which correspond to the WR stars with the largest variability amplitudes and are marked with an "X" in Figures 3 and 4 . WR77f (S), with a WN10 − 11h/B0 − 1Ia+ spectral type, is an exception. It varies by ∼0.2 mag, yet is not an X-ray source. WR77sc (A) shows a sharp 0.15 mag increase in brightness that roughly phases with a period of 7.63 days. Skinner et al. (2006) conclude that both WR77o (B) and WR77sc (A) are binaries from their high X-ray luminosity. Eclipses are not visible in the light curve of WR77sc (A), however the periodic variability is likely related to winds.
The low-amplitude variability (0.05-0.1 mag) observed in the rest of the WR stars qualitatively resembles the light curve behavior of WR 123 (WN8), monitored by the MOST satellite (Lefèvre et al. 2005 ) and is likely due to inhomogeneities in the winds. The present data are not sufficient for determining whether a periodic signal is present, similar to the 9.8 hour signal found in WR 123. The cause of this periodicity is not well understood. Dorfi et al. (2006) propose that strange-mode pulsations in hydrogen rich envelopes of stars with high luminosity to mass ratios are a possible explanation, whereas Townsend & MacDonald (2006) argue for a model of g-mode pulsations driven by a deeper iron opacity bump. Future monitoring of Westerlund 1, yielding simultanesouly light curves of (at least) 24 Wolf-Rayet stars, will help in resolving the nature of the variability.
Other Variables
The other periodic variables include 7 field detached eclipsing binary systems, 2 of which 2 are eccentric, and 1 semi-detached or contact binary shown in Figure 5 . The non-detached field system, with a 6.862 day period, exhibits an uneven light curve that suggests it is a magnetically active RS CVn binary. There are also 9 field small-amplitude variables with P > 0.2 days (see Figure 6 ), 19 field small-amplitude variables with P < 0.2 (see Figure 7) , and 4 semi-regular variables. These include WR77sc (A) (P = 7.63 days) and W6, an OB supergiant displaying a 2.2 day periodicity with a 0.2 mag amplitude. Many of the δ Scuti variables show significant scatter in their light curves, indicative of multiple mode pulsations that are typical in such stars.
A large fraction of the remaining 81 variables classified as "Other" have red colors, and can therefore help in identifying additional supergiants and other massive stars that are cluster members. Figure 8 shows light curves of 6 selected cluster members: the LBV, the B[e] star, and four blue supergiants. Figure 9 presents the R vs. R − I color-magnitude diagram (CMD), indicating the positions of the variables and in particular the eclipsing binaries in the cluster. Field stars are mainly located on the blue main sequence, whereas the Westerlund 1 stars have reddened colors between 2.2 < R − I < 3.2 mag. The sparse second main-sequence identified by Clark et al. (2005) is also observed. It contains several variables, including the possibly magnetically active RS CVn eclipsing binary (P = 6.862 days), which is consistent with this group of stars being reddened by an intervening absorber. The brightest cluster eclipsing binary (W13) is remarkably bright, similar in brightness to the OB supergiants. Although a magnitude fainter, the second brightest EB (W36) is also located near OB supergiants on the CMD. The cluster DEB has a similar magnitude to WR77o (B); its position on the CMD is consistent with it being a cluster member. Spectral classification is required to confirm membership of the faintest EB. From their position on the CMD, the 4 semi-regular variables are likely cluster members; 2 of these (W6 and W72) have early-type spectral classifications and the brightest corresponds to W53.
Color Magnitude Diagram
There is definite contamination from the classical instability strip, as several δ Scuti variables occupy the same location as the cluster members. The 1.3 day variable with a 0.1 mag I−band amplitude at R − I = 2.7, R = 15.9 mag could be a subgiant FK Comae star. These rapidly rotating G-K stars are thought to form from coalesced W UMa binaries (see Bopp & Stencel 1981) . Finally, the bright periodic variables with periods of 3.7 days (R−I = 1.55, R = 16.3 mag) and 3.715 days (R−I = 0.9, R = 14.6 mag) could alternatively be low-inclination contact binaries with 7.4 day periods.
Summary
This paper presents the first variability study of the Westerlund 1 cluster and is the first of a series of papers in search of the most massive stars (> 50M ⊙ ) in eclipsing binaries in young massive galactic clusters. A total of 129 variable stars are presented, including cluster supergiant and Wolf-Rayet star light curves, 4 (plus 1 candidate) cluster eclipsing binaries suitable for follow-up spectroscopy, 8 field eclipsing binaries, 19 pulsating δ Scuti variables, 3 W UMa eclipsing binaries, 13 other periodic variables and 81 long period or non-periodic variables. A significant number of the long period or non-periodic variables have red colors, suggesting cluster membership.
The discovery of 4 or 5 eclipsing binaries belonging to Westerlund 1 is significant, as it provides the means of measuring accurate masses and radii for these stars. The brightest of these has V = 17.554, R = 14.707, I = 12.044 mag, therefore its radial velocity curve is measurable with 4-6 meter class telescopes. Future determination of the Wolf-Rayet eclipsing binary parameters will be especially useful for understanding WN7 spectral type stars and probing their evolutionary state. The cluster detached eclipsing binary is the first main sequence object to be identified in Westerlund 1 and its location outside the cluster core may provide insights into cluster formation and evolution.
A systematic search for the most massive stars in eclipsing binaries in young massive clusters is efficient in discovering massive candidates, as shown to be the case in Westerlund 1. Radial velocity surveys are necessary for discovering non-eclipsing systems, however, they require large amounts of time on 6-8 meter class telescopes to identify binary candidates and obtain radial velocity curves. Photometric monitoring can be done using 1-2 meter telescopes and can easily identify short-period massive eclipsing binary candidates for followup spectroscopy. Eclipsing binary systems are thus extremely valuable probes of the most massive stars and can yield fundamental parameters of the most massive stars in both young massive clusters and nearby galaxies. ′ × 8.7 ′ field of Westerlund 1 (0. ′′ 9 seeing). North is up and East to the left. Cluster eclipsing binaries are marked with red circles and variable Wolf-Rayet stars are marked with blue squares. Note, the large projected distances of the cluster DEB and WR77aa (T). (Clark et al. 2005 ). An "X" is appended for sources with X-ray detections from Chandra (Skinner et al. 2006) . The plotted filter is labelled in each panel. The phased light curve of the eclipsing binary WR77o (B) is shown in Figure 2 . WR77sc (A) roughly phases with a 7.63 day period. Note. - Table 3 is available in its entirety in the electronic version of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.
